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Gap geneThe early embryo of the milkweed bug, Oncopeltus fasciatus, appears as a single cell layer – the embryonic
blastoderm – covering the entire egg. It is at this blastoderm stage that morphological domains are ﬁrst
determined, long before the appearance of overt segmentation. Central to the process of patterning the
blastoderm into distinct domains are a group of transcription factors known as gap genes. In Drosophila
melanogaster these genes form a network of interactions, and maintain sharp expression boundaries through
strong mutual repression. Their restricted expression domains deﬁne speciﬁc areas along the entire body.
We have studied the expression domains of the four trunk gap gene homologues in O. fasciatus and have
determined their interactions through dsRNA gene knockdown experiments, followed by expression
analyses. While the blastoderm in O. fasciatus includes only the ﬁrst six segments of the embryo, the
expression domains of the gap genes within these segments are broadly similar to those in Drosophilawhere
the blastoderm includes all 15 segments. However, the interactions between the gap genes are surprisingly
different from those in Drosophila, and mutual repression between the genes seems to play a much less
signiﬁcant role. This suggests that the well-studied interaction pattern in Drosophila is evolutionarily derived,
and has evolved from a less strongly interacting network.an).
ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
Insects show an extremely conserved segmented body plan, which
masks a signiﬁcant underlying variation in the mechanisms leading to
segmentation. Segmentation in the model insect Drosophila melano-
gaster has been thoroughly studied and the early stages of its
development are well characterized. First, the embryo goes through
a series of nuclear divisions, forming a syncytium. Nuclei migrate to
the periphery of the embryo creating what is termed a syncytial
blastoderm. Shortly afterwards, cell membranes form between the
nuclei, giving rise to the cellular blastoderm stage. During these
stages, crucial patterning processes take place through a hierarchical
series of interacting transcription factors. The ﬁrst of these are
maternal determinants, which are involved in deﬁning the main axes
of the embryo. These are followed by a series of mutually-interacting
gap genes, which divide the embryo into a number of distinct broad
regions, and activate a group of transcription factors known as pair-
rule genes. The pair-rule genes are the ﬁrst to be expressed in a
serially repeating pattern, and are responsible for the activation of the
segment polarity genes, which eventually lead to the overt segmen-
tation of the embryo, in what is called the segmented germband stage.
The segmented germband stage is a highly conserved stage in insectdevelopment, and indeed, in arthropod development in general. It is
considered a deﬁning feature of the phylum, or the phylotypic stage
(Galis et al., 2002; Raff, 1996), and is found in all arthropod species
with a greater or lesser degree of modiﬁcation. Stages before and after
the segmented germband are much more variable (Peel et al., 2005),
with development leading up to this stage being inﬂuenced by the
reproductive ecology of the species as well as the structure and
organization of the egg. Later stages show further variation in gene
expression (e.g. hox genes) as part of the generation of species-
speciﬁc characteristics. The type of segmentation represented by
Drosophila, whereby all of the adult segments are generated
simultaneously (prior to gastrulation) by serially subdividing the
blastoderm embryo, is termed long germ development and is known
to be evolutionarily derived. The majority of insects, however, show a
strikingly different, and much more poorly characterized segmenta-
tion mechanism – termed short germ development – in which only
the anterior-most segments are patterned down to the level of
segment polarity genes during the blastoderm stage. The remaining
segments are generated sequentially from a posterior region of
undifferentiated cells, called the growth zone or proliferative zone.
Sequential segmentation is believed to be the ancestral form of
segmentation for insects (Peel et al., 2005), and as such it has become
a focus of interest among evolutionary developmental biologists. Non-
model insects (e.g. Tribolium, Oncopeltus, Schistocerca) are receiving
increased attention in an attempt to characterize the mechanisms
behind sequential segmentation and to tackle such questions as
Table 1
Sequence lengths of in situ probes and RNAi dsRNAs.
Gene Probe length (bp) dsRNA length (bp) dsRNA/probe overlapa
hunchback 505 409 38%
Krüppel 576 393 100%
giant 362 298 93%
knirpsb 667 234, 253 60%, 100%
Speciﬁc sequences used for probes and for RNAi will be provided upon request.
a How much of the dsRNA sequence is included within the probe sequence.
b Two different dsRNAs were synthesized for the knirps gene (see text for detailes).
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from short to long germ segmentation.
When focusing on early blastoderm patterning, it has already been
well established that in Drosophila the genes involved, namely the gap
genes and the maternal determinants, act in a syncytial environment
where they can freely diffuse to create concentration gradients that
are a central part of the complex regulatory network responsible for
early patterning and regulation of downstream pair-rule and Hox
genes. Cellularization of the blastoderm occurs earlier in short germ
insects (Ho et al., 1997); thus gap genes act in an already cellularized
environment and probably function differently. It is therefore
interesting to characterize the gap gene stage in short germ insects
in order to better understand the mechanisms of sequential
segmentation and to gain new insights on the evolution of insect
segmentation.
Previous work on early patterning in short germ insects such as
Gryllus bimaculatus (Mito et al., 2005, 2006, 2007; Shinmyo et al.,
2005) and Tribolium castaneum (Bucher et al., 2005; Bucher and
Klingler, 2004; Cerny et al., 2005; Savard et al., 2006) has
demonstrated the genes involved (maternal and gap) are mostly
conserved among insects, but show varying degrees of functional
variation when compared with the homologous genes in Drosophila
and in other insects. Despite this previous work, we still know very
little about the way in which gap genes interact and function together
to pattern the early short germ embryo.
In this paper we investigate homologues of the four major trunk
gap genes – hunchback (hb), Krüppel (Kr), giant (gt) and knirps (kni) –
in the late blastoderm of the sequentially segmenting hemipteran
Oncopeltus fasciatus (Of). Oncopeltus is particularly interesting to look
at in the context of the short to long germ transition and the evolution
of insect segmentation — both because of its intermediate phyloge-
netic position (the Hemiptera are considered by many to be among
the closest taxa to the derived holometabolous insects; Grimaldi and
Engel, 2005) and because of it being an intermediate germ insect
representing, at least superﬁcially, a transition point between the
short and long germ insects. Unlike most intermediate and short germ
insects, Oncopeltus has an embryonic rudiment that covers the entire
length of the egg and therefore has a blastoderm stage that
superﬁcially resembles that of Drosophila. This allows simple
comparisons between expression patterns in the two species, and
makes Oncopeltus an ideal organism for studying early blastoderm
patterning. The expression and function of hunchback, Krüppel and
giant in Oncopeltus have been previously described (Liu and Kaufman,
2004a,b; Liu and Patel, 2010, respectively). In this work we
characterize their expression patterns in a narrow time window but
at higher temporal resolution than before and, for the ﬁrst time in an
intermediate germband insect, determine the nature of trunk gap
gene mutual regulatory interactions using in situ hybridization and
gene knockdown through parental RNAi.
Materials and methods
Animal husbandry
Cultures of O. fasciatuswere kept in plexiglass cages 40×30×26 cm
in size, with approximately 60–100 individuals in each. The cages were
kept in a temperature and light-controlled room which maintained a
temperature of 25 °C and a 14/10 hour light/dark cycle. The animals
were fed sunﬂower seeds and water, which were renewed on a weekly
basis.
Cloning
We extracted total RNA frommixed stage Oncopeltus embryos using
an Invitek RNA extraction kit. Using poly-T primers, cDNA was
synthesized using PowerScript™ Reverse Transcriptase kit (Clontech).The previously published sequences of Oncopeltus Hunchback (Liu and
Kaufman, 2004a) and Oncopeltus Krüppel (Liu and Kaufman, 2004b)
were used to design speciﬁc primers (using Geneious Pro software,
Biomatters Inc., New Zealand), which enabled us to obtain large
fragments of the genes' cDNAs (see Table 1). TheOncopeltus homologue
of giant was cloned using the degenerate primers: RPFKAYP —
CGRCCGTTCAARGCNTMYMYN (forward) and KEDEIAIR — CKTATCGC-
GATYTCRTCYTCYTT (reverse), followed by extension with iPCR. Two
homologues of knirps (kni1 and kni2) were cloned using the degenerate
primers PAAGFHFG — CCNGCGGCTGGATTYCAYTTYGG (forward) and
WFKIHCLL — AGCAGGCAGTGNATYTTRAACCA, followed by extension
with RACE. These same genes were independently cloned by J. Schwirz
and E. Wimmer (personal communication). The sequences from
Schwirtz and Wimmer were used to augment our sequences and
formed the basis for designing probes and dsRNAs.
Embryo collection and ﬁxation
To obtain blastoderm stage embryos we left individual cotton balls
in the cages for 2 h. Cotton balls with egg clutches were collected at
the end of the period giving us a ±1 hour error in timing. These eggs
were then incubated at 25 °C until they reached the desired age stated
as hours after egg laying or hAEL ±1 h (All hAELs in this paper are at
25 °C.). Embryos were then ﬁxed as previously described (Liu and
Kaufman, 2004a), except that after 1–2 min boiling, the eggs were
submerged in ice for ~6 min before continuing with the egg cracking.
Also, after chorions were manually removed, embryos were ﬁxed in
4% formaldehyde in phosphate-buffered saline with 0.1% Tween-20
(PBT) for 2 h instead of one. Fixed embryos were then stored in
absolute methanol at −20 °C.
In situ hybridization
In situ probes were prepared with digoxigenin-labeled UTPs
(Roche) using the DIG RNA Labeling Kit (Roche), with linearized T-
easy plasmids (Promega) containing the target sequence as template
(see Table 1 for probe lengths). A standard protocol for arthropod in
situ hybridization was used, a general description of which follows:
ﬁxed embryos were prehybridized for 6 h in hybridization buffer (50%
formamide, 5× saline sodium citrate [SSC], 0.1% Tween-20, 50 μg/ml
Yeast tRNA, 5% Dextran sulphate, and 50 μg/ml heparin) at 60 °C in
order to inactivate endogenous phosphatases and to prepare the
embryo for probe absorption. Embryos were then hybridized with
0.5 μg probe in 1 ml hybridization buffer at 60 °C overnight. Next,
excess unbound probe was washed several times at 60 °C, ﬁrst with
hybridization buffer and then with low salt solutions — 2× SSC and
0.2× SSC. After several more washes with PBT at room temperature
(RT), embryos were incubated in a blocking solution (PBT with 10%
normal goat serum — Thermo Scientiﬁc) for 2–6 h at RT, before
incubation with 0.25 μl anti-DIG antibody (Roche) in 1 ml PBT
overnight at 4 °C. Embryos were then washed several times in PBT
to remove any excess antibody, and then with alkaline-phosphatase
buffer (0.01% Tween-20, 10% Tris–HCl pH 9.5, 5% MgCl2, and 2% NaCl)
in preparation for the staining reaction which followed using BM-
purple (Roche) as a substrate. Staining reaction took place in a 25 °C/
Fig. 1. Schematic representation of the regional fate map during Oncopeltus fasciatus
embryogenesis. (A) Lateral view of a blastoderm stage embryo. During this stage six
anterior segments are patterned down to the segment polarity gene engrailed (dark
vertical lines). Anterior (green) portion includes regions which will eventually give rise
to extra-embryonic tissue (not shown). (B) Dorsal view of a germband stage embryo. In
this example, 8 abdominal segments have already been generated from the posterior
growth zone. Dark vertical lines indicate engrailed expression. (C) Lateral view of the
adult form (there are ﬁve instar stages before the adult — not shown). Segmental
abbreviations: MN, mandible; MX, maxilla; LB, labium; T1–3, ﬁrst through third
thoracic; A1–8 ﬁrst through eighth abdominal. Drawings are not to scale.
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monitoring of the stain development, by several washes in PBT.
Parental RNAi
For each of the four genes, double-stranded RNA (dsRNA) was
synthesized in a single reaction using the RNAMaxx High Yield
Transcription Kit (Stratagene). The templates for the in vitro
transcription reaction were PCR products, which were obtained
using primers that contained the T7 RNA polymerase recognition
sequence (at the 5′ end). The dsRNA was ethanol precipitated
(following standard protocols) and suspended in 1× injection buffer
(5 mM KCl and 0.1 mM NaH2PO4). Final concentration of the injected
dsRNA was 1.5–2 μg/μl. Table 1 lists the lengths of the dsRNA
fragments. Injection of 1× injection buffer alone or T-easy dsRNA
(500 bp, derived from the T-easy plasmid [Promega]) were both used
(separately) as negative controls. Double knockdown was performed
by mixing two dsRNAs to create a new solution in which there are
equal concentrations of each dsRNA (again, about 1.5–2 μg/μl).
Virgin Oncopeltus females were then injected as previously
described (Liu and Kaufman, 2004a), and reared individually with
untreated males. Eggs were collected for in situ hybridization as soon
as the females started laying (usually 3 to 6 days after injection).
Microscopy and imaging
Prior to visualization, embryos were cleared by stepping them
gradually into 70% glycerol. Images of blastoderm stage embryos were
captured using a Nikon ‘digital sight’ console connected to a DS-Fi1
digital camera mounted on either an SMZ1500 Nikon dissecting scope
or an AZ100 Zoom Stereoscope. Image quality was optimized directly
on the digital sight console, with minimal post-capture adjustments
using Adobe Photoshop.
Results
O. fasciatus embryogenesis (Butt, 1949) follows two main stages:
the earlier blastoderm stage, which superﬁcially resembles that of
Drosophila, and the late, typical germband stage which is character-
istic to all short/intermediate germ insects. During the blastoderm
stage, the anterior of the embryo is patterned down to the segment
polarity gene level and six segments, corresponding to themandibular
through metathoracic segments, are formed simultaneously (Liu and
Kaufman, 2004a). At this stage, the future posterior body region
“exists” only as amass of undifferentiated cells called the growth zone
(GZ) at the posterior-most end of the blastoderm (Fig. 1A). Invagi-
nation of the GZ into the yolk mass (which happens around 34–36
hAEL at 25 °C) marks the beginning of the germband stage. This
invagination is followed by a posterior migration and invagination of
the rest of the blastoderm cells to join the forming germband. During
the germband stage posterior (abdominal) segments are formed
sequentially from the dwindling GZ (Fig. 1B).
As in Drosophila, Oncopeltus trunk gap genes are expressed in
generally broad domains during the blastoderm stage (Fig. 2). These
domains usually span regions that will eventually become several
adjacent segments in the adult body. In addition, all gap gene expression
patterns show at least some level of spatio-temporal dynamics during
blastoderm development.
Wild-type blastoderm expression patterns of the trunk gap genes
The wild-type expression patterns of hunchback, Krüppel and giant
genes have been previously described in detail for the blastoderm and
germband stages (Liu and Kaufman, 2004a,b; Liu and Patel, 2010,
respectively). Detailed discussionwill thus not be included here. Rather,
a brief description, which serves as a repeat and a reference, follows.Hunchback Blastoderm expression
Maternal hunchback transcripts are detectable early on in the pre-
blastoderm embryo where they are spread homogenously in the
entire egg with no anterior/posterior (A/P) or dorsal/ventral (D/V)
differences. At around 20–25 hAEL expression starts to clear from
both egg poles, to create a central broad domain of expression
spanning 20–80% (0% being the posterior tip of the egg) along the A/P
axis (Fig. 2A1). Shortly afterwards, expression continues to contract
until it forms two adjacent bands, which between them span 30–60%
of egg length, with the more anterior one having a weaker expression
level (Figs. 2A3 and A4). A very small posterior expression patch,
corresponding to the future invagination site, also appears at about 29
hAEL (Figs. 2A3 and A4). All the domains also exhibit D/V differences
in expression. Starting from 28 hAEL ventral expression begins to
decline, followed by a somewhat less prominent decline in dorsal
expression after 34 hAEL. These D/V differences are a known
phenomenon for late blastoderm gene expression (and are seen for
all of the trunk gap genes) — ventral clearing is attributed to lateral
movement of the ventral cells to form the lateral plates (Butt, 1949),
while the later dorsal clearing can perhaps be associated with the
generation of the extra-embryonic serosa (Panﬁlio et al., 2006). See
Discussion and Fig. 4 for a more detailed description of D/V
expression differences. In addition to this blastoderm expression,
from about 32 hAEL onward accumulated hunchback transcripts can
Fig. 2. Wild-type expression patterns of the four trunk gap genes: Of'hb, Of'Kr, Of'gt and Of'kni in Oncopeltus blastoderm embryos. (A1–4) Of'hb expression at 25–34 h. Initial
expression (A1) is in a broad domain, which gradually consolidates into two distinct bands (A3–4), the anterior one being weaker, and dorsally cleared by 34 h. Note the expression
in the area that will form the growth zone, which is clearly visible by 32 h (A3, arrowhead). (B1–4) Of'Kr expression at 25–34 h. Expression ﬁrst becomes visible at around 26 h (not
shown) as a weak posterior “cap”, by 29 h the expression is stronger (B2). The posterior-most expression clears out by 32 h. By 34 h dorsal expression also clears away, and paired
anterior expression patches appear (B4, arrowheads). (C1–4) Of'gt expression at 25–34 h. Initial expression (C1) is weak and broad. It then consolidates to form two separate
expression domains (C2–4)— a posterior “cap” and an anterior band which persist to the end of the blastoderm stage. (D1–4) Of'kni expression at 25–34 h. First expression is visible
at around 27 h (not shown) as an anterior stripe and a posterior patch. This pattern persists and gets stronger (D2–3) and eventually starts to clear from the dorsal part (D4). In all
pictures: dorsal view, anterior (A) to the left. Age is AEL±1 h. Scale bar: 250 μm.
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pattern in Fig. 2A4).
Oncopeltus Krüppel blastoderm expression
Krüppel transcripts ﬁrst become visible at around 26 hAEL as a
posterior domain of expression spanning 0–35% of egg length, thus
being immediately posterior to the hunchback and giant (see below)
anterior domains (Fig. 2B2 compare with A2 and C2). This expression
pattern persists until about 32 hAEL, with the exception that ventral
expression weakens — again, this is associated with ventral cells
migrating laterally to form the lateral plates. At 32 hAEL Krüppel starts
to clear from the posterior-most pole as well and the expression
domain advances slightly anteriorly so that it now spans 15–40% egg
length (Fig. 2B3). In addition, dorsal clearing starts as well and is
completed by 34 hAEL (Fig. 2B4). At about the same time,
approximately when invagination starts, two anterior lateral patches
of expression appear (arrowheads in Fig. 2B4).
Oncopeltus giant blastoderm expression
giant transcripts appear relatively early, and by 25 hAEL they are
detectable as a homogenous expression over the entire egg (not
shown). Shortly afterwards, the expression starts to clear from both
poles, forming a single weak, broad domain of expression spanning
20–77% of egg length (Fig. 2C1). This single domain continues tocontract (covering 40–75% on the A/P axis at 30 hAEL, overlapping the
anterior hunchback domain) while at the same time, a new, posterior
domain of expression (0–15% egg length) appears (Figs. 2C2–4). This
two-domain expression pattern of giant persists for the remainder of
the blastoderm stage. While the posterior domain stays approximate-
ly the same throughout, the anterior domain continues to contract
with its posterior boundary “moving” more and more anteriorly
(compare Fig. 2C2 with C4). In addition, around 31 hAEL, the anterior
domain subdivides into two adjacent bands separated by a thin giant-
free strip (Fig. 2C4). As in the other genes, dorsal/ventral differences
in expression exist in giant as well — following 30 hAEL, expression
starts to weaken on the ventral side, with dorsal clearing following
shortly after invagination starts (after 34 hAEL, not shown).
Oncopeltus knirps blastoderm expression pattern
Wehave found two copies of knirps inOncopeltus, as in other insects
(e.g. Tribolium; Cerny et al., 2008). These two copies have some
sequence elements in common and have been dubbed knirps1 and
knirps2 (GenBank Accession numbers HM030995 and HM030996
respectively). Preliminary analysis suggests that the two copies cannot
be directly homologized with the three knirps copies in Drosophila
(knirps, knirps-related and eagle). The speciﬁc relationships of the knirps
gene family will be dealt with in a separate publication (Naggan and
Chipman, unpublished data). We were unable to detect any knirps2
transcripts throughout early to late blastoderm and this work will thus
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which we were able to detect from mid to late blastoderm embryos.
We did not detect any knirps expression prior to 27 hAEL (Fig. 2D1)
when it becomes apparent as a weakly expressed, thin anterior stripe
and aweak, small posterior patch (Fig. 2D2). Theweak stripe is less than
100 μm wide (about 6 cell diameters) and is positioned at around 60%
egg length (at about the same pointwhere the transition from strong to
weak expression occurs in the anterior hunchback domain). The
posterior patch initially covers 0–10% along the A/P axis. Expression
levels quickly rise in both domains,with the posterior patch also slightly
extending anteriorly (to cover up to 20% egg length) (Fig. 2D3). At about
the same time, the dorsal and ventral portions of the anterior stripe start
to clear out as ventral cells migrate laterally (Fig. 2D4). After
invagination begins, around 36hAEL, small lateral patches of expression
appear just anterior to the anterior stripe (not shown).
Post invagination expression
Fromaround 34 hAEL onward, all of the genes described above show
similar expression dynamics that are the result of the cell movement
initiated at invagination. As a result of the blastoderm cells migrating
posteriorly to join the forming germband we see the blastodermal
expression domains moving along with them — as if they are being
sucked into the invagination site. In addition, theD/Vdifferences,which
had began prior to invagination now become more prominent.
Analysis of blastoderm gap gene expression in knockdown
embryos
Judging by the adjacent expression boundaries between some of the
gap genes seen in Oncopeltus (e.g. hunchback and Krüppel), and from
previous gap gene studies in Drosophila (Hülskamp and Tautz, 1991;
Jaeger et al., 2004; Rivera-Pomar and Jäckle, 1996) and other insects
such as G. bimaculatus (Mito et al., 2006) and T. castaneum (Cerny et al.,
2005; Marques-Souza et al., 2008) it seems plausible that some degree
ofmutual regulatory interaction is involved in deﬁning andmaintaining
these domains, and is thus required for normal gap gene function in
Oncopeltus as well. In order to investigate regulatory relationships
between the gap genes during Oncopeltus early development, we have
performed a series of parental RNAi gene knockdownexperiments. Each
experiment consisted of knocking down one of the four trunk gap genes
in question,while checking for changes in the expression patterns of the
other three genes during late blastoderm stages—when these genes are
involved in patterning the anterior portion of the future bug.
The parental RNAi technique, in addition to being transient, has a
varying degree of penetrance in different embryos. Presumably, during
oogenesis, developing eggs incorporate different amounts of dsRNA
thereby resulting in varying degrees of gene silencing. This is most
evident in knockdown phenotypes, where there are usually several
degrees of phenotype severity (e.g. Liu andKaufman, 2004a,b;Mito et al.,
2005). We observe this same variation at the gene expression level;
when checking gene expression in knockdown embryos, one can ﬁnd
several expressionpattern changes,whichpresumably correspond to the
various degrees of gene silencing. For instance, when checking for
Krüppel expression in hunchback knockdown embryos, we found some
embryos that do not express Krüppel at all, some that express it at a
reduced level compared to thewild type and still others that express it in
a wild-type pattern. When trying to assess gene regulatory interactions,
the most severe expression defects were taken into account, with the
thought that they represent the closest simulation of a complete
knockout of the gene whose effects on other genes we wish to study.
Also, these severe expression defects had to be observed in at least two
different egg batches from two different dsRNA-treated females to be
taken as genuine silencing expression phenotypes. In order tomake sure
we were knocking down the same gene whose expression we were
followingwedesigned thedsRNAs tooverlapwith their corresponding insitu probes as much as possible (see Table 1). Furthermore, some of the
treated embryos were then used to check the expression of the silenced
gene itself to verify a successful knockdown. Results usually showed a
marked reduction up to a complete absence of expression (not shown).
In addition, an equal amount of knockdownembryoswere left todevelop
and their phenotypeswere scored and compared topreviously published
data (Liu and Kaufman, 2004a,b; Liu and Patel, 2010) for further
validation of correct gene knockdown. While we indeed observed the
same phenotypes (Suppl. Fig.) the silencing dynamics were surprisingly
different— instead of having the silencing effect increase over a fewdays
to reach a ‘silencing peak’ and then gradually decline (as described by Liu
andKaufman (2004a)),weusually got the strongest silencing right at the
start, with the effect gradually declining over time (with females often
dying of old age before the silencing completely wore off).
Oncopeltus hunchback knockdown
Oncopeltus hunchback transcripts have previously been shown to be
maternally deposited homogenously in the developing eggs (Liu and
Kaufman, 2004a) and are zygotically expressed later on inmore limited
domains (Figs. 2A1–4). Knocking down hunchback affects both of these
expression phases and inﬂuences the expression of all three other trunk
gap genes.
In wild-type embryos, Krüppel is expressed in a single domain
spanning the posterior third of the early embryo (Fig. 2B3). In
Oncopeltus hunchback knockdown embryos, the Krüppel domain is
completely absent or shows signiﬁcantly weaker expression in slightly
over 50% (N=47) of the embryos (Fig. 3A1). This suggests a positive
regulation of Krüppel by hunchback in Oncopeltus, a role that has been
found inDrosophila (for lowmaternal hunchback concentration; Rivera-
Pomar and Jäckle, 1996), Tribolium (Marques-Souza et al., 2008), and
Gryllus (Mito et al., 2006).
Oncopeltus giant is normally expressed in two domains— an anterior
wide band and a posterior cap-like domain (Fig. 2C3). After knocking
down Oncopeltus hunchback 63% (N=51) of embryos showed a
substantial reduction or even a complete absence of the posterior cap-
like giant expression (Fig. 3A2). The anterior domain was not affected.
Again, this suggests a positive regulation of giant by hunchback (at least
in the posterior of the blastoderm), a role that has also been found in
Tribolium (Marques-Souza et al., 2008) but is the opposite of what is
known from Drosophilawhere hunchback represses giant.
Wild-type Oncopeltus embryos express knirps in a thin anterior
stripe and a small posterior cap-like domain (Fig. 2D2). Knockdown of
hunchback resulted in a complete loss of the posterior knirps domain
in just over 90% (N=30) of the embryos checked. A loss of both the
anterior and posterior knirps expression domains was observed in 63%
(N=30) of the same embryos (Fig. 3A3). This, apparently positive,
regulatory input from hunchback to knirps is again in opposition to the
repression of knirps by hunchback that is found in Drosophila.
Oncopeltus giant knockdown
When knocking down giant we observed larvae that showed gap-
mutant-like phenotypes, the most severe of which had missing
maxillary and labial segments, as well as an abdominal “deletion”
extending from the ﬁrst up to the ﬁfth abdominal segment (Suppl. Fig.;
see also Liu and Patel (2010)). Despite this seemingly canonical gap-like
function, and the apparent regulation of giant by other gap genes (see
above), giant knockdown does not seem to affect the expression
patterns of any of the other three trunk gap genes during late
blastoderm development. 100% of the embryos examined showed
normal expression of hunchback (N=52), Krüppel (N=54) and knirps
(N=40), suggesting that giant is not involved in the regulation of either
one of them during this developmental stage, or that its action is
redundant and its loss is compensated by some other factor at these
early stages (compare Figs. 2A3, B3, and D3 with Figs. 3B1, B2, and B3
Fig. 3. Expression patterns of the trunk gap genes in Of'hb, Of'Kr and Of'gt RNAi embryos. (A1–3) Of'hb RNAi embryos at 29–30 h. (A1) Expression of Of'Kr is greatly reduced or even
absent (compare with Fig. 2B2). (A2) Loss of the posterior domain of Of'gt expression (compare with Fig. 2C2). (A3) Signiﬁcant reduction of anterior stripe and loss of the posterior
patch of Of'kni expression (compare with Fig. 2D2). 60% of the embryos showed a complete loss of the anterior stripe (not shown) (B1–3) Of'gt RNAi embryos at 29–33 h. (B1)
Expression of Of'hb is unaffected by the Of'gt knockdown (compare with Fig. 2A3). (B2) Expression of Of'Kr is unaffected by the Of'gt knockdown (compare with Fig. 2B3). (B3)
Expression of Of'kni is also unaffected by the Of'gt knockdown (compare with Fig. 2D3). (C1–3) Of'Kr RNAi embryos at 31 h. (C1) In addition to the two anterior bands of expression,
Of'hb is now expressed in the entire posterior half of the embryo (instead of a small patch at the posterior tip — compare with Fig. 2A3), (C1.2) is an intermediate expression defect
that shows this is the result of Of'hb's small posterior domain extending anteriorly while the anterior domain remains the same. (C2) Loss or reduction of Of'gt posterior expression
domain. (C3) Loss or reduction of Of'kni posterior expression domain. In all pictures a typical defective expression pattern is shown. Numbers in lower right corner denote the
percentage (and exact numbers) of knockdown embryos that showed the depicted (or very similar) expression defect — if no expression defects were detected, a representative
normal result is shown; dorsal view, anterior (A) to the left. Age is hAEL±1 h. Scale bar: 250 μm.
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where giant negatively regulates both Krüppel and knirps during the
blastoderm stage (Rivera-Pomar and Jäckle, 1996), and Triboliumwhere
giantwas also found to repress Krüppel expression (Cerny et al., 2005).
Oncopeltus Krüppel knockdown
Krüppel functions as a gap gene in Oncopeltus (Liu and Kaufman,
2004b) and is normally expressed in the posterior third of the late
blastoderm embryo (Fig. 2B2). When knocking down Krüppel expres-
sion, we found that the small posterior hunchback domain extends
anteriorly, to cover the entire regionwhere Krüppelwas supposed to be,
to the extent of fusing with the anterior domain to form one large
hunchback domain spanning 0–60% of egg length (compare Fig. 2A3
with Figs. 3C1 and C1.2). This was true for 74% (N=38) of the embryos
we examined and indicates that Krüppel represses hunchback expres-
sion in the posterior, a role which appears to be conserved andwas also
observed in Drosophila (Rivera-Pomar and Jäckle, 1996), Tribolium
(Marques-Souza et al., 2008), and Gryllus (Mito et al., 2006).
The signiﬁcant reduction or even complete absence of Krüppel
expression in the posterior of Krüppel knockdown embryos, appears to
affect the posterior domains of expression of both knirps and giant as
well. Both of them showa substantial reduction (sometimes to thepoint
of complete absence) in the expression of their posterior cap-like
domains. Thiswas found in 80% (N=40) of the cases for giant (compare
Fig. 2C3with Fig. 3C2), and in 93% (N=29) for knirps (compare Fig. 2D3
with Fig. 3C3). This indicates that inOncopeltus, both giant and knirps are
positively regulated by Krüppel. This role seems to be only partially
conservedwith respect toDrosophila,whereKrüppelpositively regulates
knirps but negatively regulates giant (Rivera-Pomar and Jäckle, 1996).
Krüppel and hunchback double knockdown
We found the similarity in the effects of Krüppel and hunchback
knockdown on the expression of the remaining two gap genes, to be asurprising result, given the antagonistic effect between the former
two. We therefore decided to check the result of knocking down both
together, to rule out the possibility of a non-speciﬁc effect, and to
check the possibility of function through an unknown shared
intermediate. When knocking down both Krüppel and hunchback in
the same embryos (see Materials and methods) we observed a simple
additive effect, both in expression defects of the other genes, and in
knockdown phenotypes (not shown). Similar to each of the single
knockdowns, the double knockdown showed loss (or signiﬁcant
reduction) of the posterior giant domain in 57% (N=75) of the
examined embryos. The double knockdown also resulted in a loss of
the posterior knirps domain in 97% (N=59) of the embryos, with 57%
also showing a marked reduction (to a complete loss) in the anterior
domain, again, in agreement with the single knockdowns.
Oncopeltus knirps knockdown
Despite performing several repeats using two different knirps dsRNA
sequences (oneofwhich included a large region common toboth knirps1
and knirps2), we were unable to detect any knockdown phenotypes or
concrete expression defects in the knirps knockdown embryos. As with
the other genes, in order to make sure we were successful in knocking
down the gene of interestwe have performed in situ hybridization using
the knirps probe on the knirps knockdown embryos and indeed found
loss of both the anterior and posterior knirps domains (N=55, not
shown). When staining for the three other trunk gap genes we found a
complete loss of all expression domains in 50% (N=38), 52% (N=42),
and 70% (N=41) of the embryos stained for hunchback, giant and
Krüppel, respectively, andnormalwild-typeexpression in the remainder.
Discussion
In this work we have presented an analysis of the trunk gap gene
regulatory relationships during the blastoderm stage of the hemip-
teran O. fasciatus. This analysis is the ﬁrst to be carried out for an
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gap gene regulatory network outside of Drosophila. Surprisingly, our
ﬁndings show a seemingly simpler gap gene regulatory network in
Oncopeltus, with many fewer regulatory interactions, possibly
suggesting that the elaborated regulatory network observed in
Drosophila is a derived state not representative of the ancestral gap
genes. Not surprisingly, the regulatory interactions observed, reveal
both conserved and divergent aspects with regard to other insects.
Segmental register of gap gene domains
The Oncopeltus blastoderm resembles that of Drosophila, with the
blastoderm cells covering the entire egg surface. This resemblance,
however, is only superﬁcial since Drosophila is a long germ insect and
its blastoderm will eventually be patterned to include all of its future
segments, while in Oncopeltus the blastoderm is patterned to include
only the head and thoracic segments (Fig. 1). This fundamental
difference means we cannot directly compare expression patterns for
both of these species in order to check for evolutionary conservation.
We must ﬁrst convert expression domains into segmental domains
and then perform the comparison. Since performing double in situ isFig. 4. Summary table of trunk gap gene expression for Drosophila and Oncopeltus. For each ge
four rows show expression of the same gene in Oncopeltus (orange bars, higher color saturati
of the Oncopeltus bars simulates a lateral view of an embryo— so that the dorsal side is repres
way one can learn about dorsal/ventral differences in expression— e.g., if we look at Of'Kr ex
parts of the orange bar, which means there are almost no dorsal/ventral differences in Of'Kr e
orange — thus at this point there is no dorsal expression of Of'Kr (compare Figs. 2B2 and
segments (purple bars) in knockdown Oncopeltus embryos (based on our results). Of'hb knoc
segmentation defects in the abdomen. Of'Kr knockdown leads to complete deletion (‘X’) of p
segment. Of'gt knockdown leads to deletion of the maxillary, labial and ﬁrst through ﬁfth abd
to observe any coherent unusual phenotypes following Of'kni knockdown (see text for de
additional abbreviations. Abdomen not shown. Expression in the pregnathal head (Ic, An,
between genes and not as an accurate segmental register. Drosophila patterns are based ontechnically difﬁcult at the blastoderm stage, we used a method
previously described by Liu and Kaufman (2004a). In this method, we
align a pair of similarly aged embryos— one stained for the expression
of the segment polarity gene engrailed, which serves as a segmental
marker, and the other stained for the gap gene of interest. In this way
we can deduce which segments are covered by the observed
expression pattern. The results of such conversions are presented in
Fig. 4, with a comparison to what is known for Drosophila (Hülskamp
and Tautz, 1991). In this ﬁgure we present a time-dependent
expression table that demonstrates the dynamic nature of early gap
gene expression in Oncopeltus. Most of the genes show at least some
form of resolution from an early, broad domain to a more deﬁned one
later on. Also, as detailed in the Results, both dorsal and ventral
clearing, which can be seen to a greater or lesser extent in all four
genes (and other, early expressed genes not discussed here), is
attributed to cell movement involved with the invagination and the
formation of extra-embryonic tissues.
It is evident that the relative positions of the expression domains of
the gap genes are mostly conserved, with the exception of knirps
expression and the giant thoracic domain in Oncopeltus. This could have
been viewed as evidence for functional and regulatory conservation ofne the ﬁrst row (marked ‘D’) shows early expression in Drosophila (black bar). The next
on means stronger expression) at 25, 29, 32 and 34 hAELs respectively. In addition, each
ented by the topmost part of the bar, and the ventral side by the bottommost part. In this
pression at 29 hAEL there is almost no difference between the topmost and bottommost
xpression at that time. However, by 34 hAEL one can see the topmost part is not colored
B4 for visual reference). The last row for each gene (marked ‘KD’) shows the affected
kdown leads to abdominization of the maxillary through metathoracic segments and to
rothoracic through ﬁfth abdominal segments plus an uncertain (‘?’) effect on the labial
ominal segments plus an uncertain effect on the mandibular segment. We were unable
tails). Segmental abbreviations: Oc, ocular; An, antenna; Ic, intercalary; see Fig. 1 for
and Oc) cannot be precisely determined and should be viewed as a comparative tool
Hülskamp and Tautz (1991).
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and Kaufman, 2004a,b; Liu and Patel, 2010; Rivera-Pomar and Jäckle,
1996), alongwith the interaction results presented in this paper suggest
that the degree of conservation is indeed very limited both in function
and inmutual regulation. In particular, itwould seem that inOncopeltus,
knockdown phenotypes include a high prevalence of homeotic defects
and less of the canonical gapphenotypes (a situation similar to that seen
in Tribolium; Bucher and Klingler, 2004; Marques-Souza et al., 2008). In
addition, it is important to note the fact that gap genes expressed in the
posterior-most part of theblastoderm inOncopeltus are in fact expressed
in a region which will eventually become the growth zone. As
mentioned above, this zone is responsible for generating abdominal
segments during the germband extension stage, and thus genes
expressed in this zone may have an effect on future, more posterior
segments through some early regulatory input to those cells.
Gap gene interactions
When attempting to ﬁt our observations into a qualitative regulatory
model we must take into account the fact that the kind of data our
experiments provide is far from complete. We cannot determine
whether or not a regulatory connection is direct or indirect. In other
words, each observation has more than one possible regulatory
explanation — for instance, if following the knockdown of gene A, gene
B's expressionbroadens, it couldeithermeanthatA is adirect inhibitor of
B or, that A is an activator of a third gene (C)which is in turn an inhibitor
of B. In Fig. 5 we propose a simple regulatory model for gap gene
interactions in Oncopeltus. Since knockdown of either Krüppel or
hunchback leads to a signiﬁcant reduction in the posterior domains of
expression of both giant and knirps, we speculate that theymaybe acting
in the same regulatory pathway. We suggest that the early, broad
domain of hunchback expression is somehow required (possibly with
the involvement of another posteriorly-expressed factor) for the early
activation of Krüppel in the posterior. Since Krüppel and early hunchback
expression are temporally separated, this will require some kind of
delayed activation, which is probably indirect, and involves some other,
intermediate factor(s). In turn, Krüppel is then required for the posterior
activation of both giant and knirps (Fig. 5B). The fact that knocking down
Krüppel leads not only to signiﬁcant posterior expression of hunchback
but also to the posterior reduction of knirps and giant, proves that
hunchback does not directly regulate their posterior expression and
is likely doing it via Krüppel activation, a conclusion supported by the
results of the double hunchback/Krüppel knockdown (a regulatoryFig. 5. Gap gene regulatory network models for Drosophila and Oncopeltus. (A) In
Drosophila, trunk gap genes extensively interact in the syncytial blastoderm to form a
complex regulatorynetwork.Most of the interactions are repressive.Maternal hb activates
Kr at low concentrations and zygotic hb represses it at high ones (asterisk). (B) Oncopeltus
gap genes act in a cellular blastodermand showsigniﬁcantly lessmutual interactions.Of'Kr
is a major posterior (thoracic) regulator, inﬂuencing the expression of the three other
trunk gap genes. Of'hb positively regulates the anterior Of'kni domain as well as the
posteriorOf'Krdomain and thus, indirectly, regulates the posterior domains of gt andOf'kni
as well. Of'gt does not seem to regulate any of the other gap genes during the blastoderm
stage. ‘A’ and ‘P’ denote regulation in the anterior or posterior blastoderm regions
respectively.Wewere unable to identify any involvement ofOf'kni in regulating any of the
other gap genes. Presented regulatory relationships are not necessarily direct.connection that appears to be conserved). Interestingly, in both of the
single knockdowns and in the double knockdown, the reduction/loss of
knirps posterior expression was signiﬁcantly more common than that of
giant. This observation suggests that knirps has a greater sensitivity to
Krüppel concentrations, to the point where almost any decrease in
Krüppel expression leads to a loss of the posterior knirps domain. On the
other hand giant's posterior expression seems to be more robust to
changes in Krüppel expression, affected only by signiﬁcant decrease and
thus showing a lower percentage of posterior misexpression. In this
model, as in Drosophila, Krüppel is a major regulatory force in the thorax
— activating giant and knirpswhile repressinghunchback. Anterior to the
thorax (gnathal and pregnathal head) three of the four trunk gap genes
are expressed, yet we only found evidence for one gap–gap regulatory
interaction — positive regulation of knirps by hunchback (see below for
further discussion). Surprisingly, despite leading to (severe) abnormal
phenotypes when knocked down (Suppl. Fig.), and in contrast to its role
inDrosophila, giantwasnot found to regulate the expressionof anyof the
other trunk gap genes and thus plays a passive role in the proposed
model. Our results regarding knirps remain inconclusive. We could not
detect any abnormal phenotypes following knockdown. However, the
loss of expression domains of all three of the other gap genes in
approximately half of the embryos hints at an important early role for
knirps.
Evolutionary implications
There are two notable observations to bemade regarding ourmodel
ofOncopeltus gapgene interactions— aprevalenceof positive regulatory
interactions on the one hand and a seeminglymuch simpler and limited
mutual regulatory network on the other. Both of these are in contrast to
the classical Drosophila paradigm. The fact that most of the interactions
we observed seem at ﬁrst sight to be positive in nature is signiﬁcant and
somewhat surprising, since it is commonly known from Drosophila that
gap genes are strong repressors, a property which was suggested to be
ancestral (Liu andKaufman, 2005). This is assumed tobe themechanism
by which they create their distinct expression boundaries, needed for
the early patterning of the insect embryo. Since positive regulatory
interactions cannot restrict the expression domains of the regulated
gene, and thus cannot create sharp expression boundaries, if this is
indeed the case for Oncopeltus, it implies that the observed boundaries
are generated by a different mechanism, probably involving additional
patterning genes. So in effect, while in Drosophila gap gene mutual
interactions can account for their observed expression boundaries
(Jaeger et al., 2004), in Oncopeltus the picture is actually rather more
complex—with additional (currently unknown) factors inﬂuencing the
gap gene expression domains.
The apparently smaller number of mutual regulatory connections
among gap genes in Oncopeltus is also an interesting and important
ﬁnding. In Drosophila, the blastoderm is patterned simultaneously
into 15 segments with the early gap gene expression domains being
generated in a syncytial environment. In Oncopeltus, the blastoderm is
patterned into only 6 segments and the gap gene expression domains,
which are mostly generated in a cellular environment, are more
widely spread. In light of this, it would seem only logical that the
former will require a more highly elaborated regulatory network in
order to achieve the more reﬁned subdivision of the blastoderm. Also,
this kind of regulatory interaction seems to be more easily established
in a syncytial environment, where diffusion can freely take place, than
in a cellular one.
Another noteworthy observation is that with one exception, all of the
regulatory interactionsweobservedwere limited to the three segments of
the thoracic region. This observation is interesting for two reasons: ﬁrst, it
is in some contrast to the knockdown phenotypes (Liu and Kaufman,
2004a,b; Liu and Patel, 2010 and our ownunpublished data), which cover
anything from the mandibular to the last abdominal segment. These
ﬁndings imply that inOncopeltus, gap genes are apparently less crucial for
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probablymore involvedwith the regulationofHoxandotherdownstream
genes. Also, at least for some of the gap genes, there is likely to be an
additional role in abdominal segment generation from the growth zone.
Second, half of the Oncopeltus blastoderm is patterned into the gnathal
(mandibula,maxilla and labium)andpossiblypart of thepregnathal head.
If gap gene interactions are not involved with their early patterning, we
are leftwith the question ofwhich factors are. InDrosophila, it has already
been established that the early pregnathal head is patterned using a
somewhat different mechanism than the trunk (with the mandibular
segment being the borderwhere the twomechanisms can interact), using
the so-called head gap genes (orthodenticle, empty spiracles and button-
head) (Cohen and Jürgens, 1990; Peel, 2004; Rogers and Kaufman, 1997).
These samegeneshave sincebeen found tobeexpressed in thepregnathal
headof other insects— T. castaneum (Schröder, 2003; Schinko et al., 2008)
and Nasonia vitripennis (Lynch et al., 2006), although the details of their
function are different. Our preliminary results (Birkan and Chipman, in
preparation) indicate that the samegenes are expressed in the pregnathal
domain in Oncopeltus. This supports the view of the separation between
the pregnathal head and the gnathal-head+trunk, ﬁrst found in
Drosophila, as an ancestral state of the insect taxon and possibly
arthropods in general (see Minelli, 2001; Tautz, 2004). The gnathal
head, unlike the pregnathal, is clearly affected by knockdown of the trunk
gap genes (Fig. 4) even though mutual gap–gap interactions seem to be
very limited in the region. This would suggest that most of the patterning
function is achieved downstream of the gap stage, through regulatory
interactions with other patterning and Hox genes.
Concluding thoughts
Interactions between and within gene regulatory networks
(GRNs) form the basic wiring of developmental processes. Changes
in the architecture of GRNs throughout evolution are directly
responsible for developmental change which can lead to phenotypic
novelties, which can in turn lead to anything from speciation up to
‘phylumization’, depending on the amount of changes and their
hierarchical position in a given network. Circuits that are found higher
in the hierarchy of a GRN tend to be more evolutionarily conserved
(Davidson and Erwin, 2006; Erwin and Davidson, 2009). Understand-
ing and reconstructing changes in GRN structure are therefore crucial
for our understanding of the evolution of animal body plans and the
intimate relationship between developmental change and animal
evolution.
Looking at the elegant example of the hierarchical segmentation
cascade in Drosophila, it seems to ﬁt perfectly into a “classic” GRN
structure, with the gap genes forming a subcircuit within it. However,
as data from a growing number of insect species have become
available over the last decade, it is becoming more apparent that the
segmentation gene network forms a rather complex and unusual GRN,
with components higher in hierarchy showing the greatest degree of
variability instead of the other way around (Cruickshank and Wade,
2008; Davis and Patel, 2002; Peel et al., 2005). This “developmental
hourglass” structure (Raff, 1996) presents a viable alternative for the
“classic” developmental GRN design.
Unfortunately, there are still very few data regarding gap gene
regulatory networks outside of Drosophila, making the attempt to
deduce evolutionary trends difﬁcult and necessarily highly specula-
tive. However, the results we have presented here already show that
gap–gap regulatory connections are in fact rather labile and can be
lost, gained and even reversed. These results portray a signiﬁcantly
different picture for the regulatory network of the trunk gap genes in
Oncopeltus, a hemimetabolous insect, as compared to what is known
from the highly derived, holometabolous Drosophila. In Drosophila,
gap gene interactions create a complex regulatory network, perhaps
the biggest role of which is to create the expression boundaries of the
different gap genes, thus patterning the blastoderm into distinctregions. In Oncopeltus, we ﬁnd fewer mutual interactions and almost
no involvement with expression boundary formation. This suggests
that in this case, as in many others, Drosophila displays a rather
derived state, which appears to be unrepresentative of the ancestral
state of gap gene regulation and function. Based on this work and on
other studies of gap gene mutual regulation in more basal insects, we
speculate that some limited form of gap gene mutual regulatory
interaction is ancestral to the insect group and was possibly involved
in early patterning of the anterior portion of the body. A bigger role
however, appears to have been the regulation of downstream genes,
along with their yet to be described (and potentially very interesting)
involvement with growth zone-generated segments. In long germ
insects, where the need for early, simultaneous patterning of more
than twice the number of segments arose, the regulatory properties of
the gap genes were more heavily recruited to create a more elaborate
mutual regulatory network.
This is of course a very simplistic view; there is no doubt that more
detailed data, from basal and derived insects alike, are needed before
we can draw a comprehensive picture of gap gene evolution and its
implication for the evolution of segmentation.
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